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Continuous extrusion of a commercially pure
titanium powder via the Conform process
B. M. Thomas ∗, F. Derguti and M. Jackson
It is shown for the ﬁrst time that cold commercially pure titanium powder can be extruded through a
standard Conform machine into fully dense wire with a ﬁne recrystallised microstructure. The grain
size has been shown to decrease with increasing wheel speed with an associated increase in
tensile strength. The macrostructure of the wire extrudate exhibits a characteristic ﬂow pattern
with several regions deﬁned by differences in average grain size and distribution. Finite-element
modelling of the process shows the formation of the characteristic macrostructure from powder
fed Conform. The process is continuous, utilises standard equipment and does not require
powder preheating or inert gas shrouding providing a footing for a true cost reduction in long-
section titanium mill product.
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Introduction
Over the last decade, there has been a drive to develop
commercially viable processes for reducing the extraction
costs of titanium alloys (Metalysis FFC, Cristal Metals
Armstrong Process®, CSIRO TiROTM). Most of these
emerging processes use solid-state methods to extract tita-
nium directly from pure TiO2 or rutile ores and produce
metal in particulate form. However, it is the downstream
processing of such ‘low-cost’ powders that will determine
whether titanium can compete with commodity metals in
terms of product cost. Conventional wire is currently pro-
cessed through multiple stages of melting, forging and
rolling and is extremely energy intensive. Direct consoli-
dation of ‘low-cost’ powders into rod or wire in one step
is highly desirable, not least to the automotive industry
who have historically been reluctant to use signiﬁcant
quantities of titanium owing to its high cost.
Severe plastic deformation (SPD) processes [equal chan-
nel angular pressing (ECAP), Conform, continuous rotary
extrusion (CRE), high-pressure torsion (HPT) and var-
iants] impose sufﬁcient stress on powder materials to
break up particle oxide layers, promote particle-to-particle
diffusion bonding and close up residual porosity. Many
SPD processes have been around since the 1970s and
were developed to produce ultra-ﬁne-grained materials
to take advantage of Hall–Petch strengthening. HPT,1
ECAP2 tend to be limited by small product sizes, are
batch processes and rely on preheating of the material in
order to limit cracking during processing. This lack of scal-
ability limits these processes potential to small size, high-
cost applications. Conversely, the ECAP-Conform process3
is a continuous process but by nature of the ‘equal channel’
and the wheel-shoe arrangement it cannot process loose
powder feedstocks as there is no back pressure formed by
the presence of a die with a smaller cross-section than the
channel. When ECAP-Conform is applied to titanium
the relatively expensive rod feedstock from Kroll-VAR
will prevent a real shift in the cost of the resultant products.
The Conform process was invented by the late Derek
Green in UK Atomic Establishment (UKAE) in 1973.4
Feedstock in rod, granule or powder form is fed into a
groove located in the periphery of the rotating extrusion
wheel. The feedstock is carried around the wheel until it
is diverted by an abutment member that protrudes into
the groove. The diverted feedstock is then extruded
through a proﬁled die situated in a shoe member which
provides constraint along a proportion of the wheel’s cir-
cumference and adds frictional resistance.
The Conform concept relies purely on the mechanical
friction between a grooved wheel and the feedstock which
is sheared as it goes through the shoe and into the extrusion
die. Apart from offering consolidation in a single continu-
ous step, Conform also eliminates the need to can or pre-
heat the powder5 and is theoretically unlimited in the
length of product that it can produce. Originally conceived
as a way to recycle metal scrap, Conform has been modi-
ﬁed for processing of particulate feedstock with optimis-
ations such as controlled mass ﬂow rates from hoppers.6
Other modiﬁcations to the original machine designs have
also come from the analysis of the wheel groove in relation
to the feedstock properties.7 More radical designs have also
involved pre-compression of the loose powder into the
wheel groove via a secondary wheel where extrusion then
takes place with an underslung shoe design.8
Low strength metals such as 1xxx series aluminium and
oxygen-free high-conductivity copper have historically
been the mainstay of Conform extrusion owing to the pro-
cess strength in producing continuous lengths of electrical
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conductors. A detailed study in the extrusion of both
high-purity aluminium powders9 and mixed oxide pow-
ders showed that it was possible to produce extruded sec-
ondary product with a Conform machine with superior
mechanical properties to similar primary aluminium pro-
ducts. Work on the Conform of copper powders and
granulated copper wires also demonstrated the successful
continuous consolidation of the feedstock into proﬁled
product with excellent mechanical properties.10,11
Examples of the Conform processing of alloyed alu-
minium powders12,13 and copper-based alloy powders14
have also demonstrated the process ﬂexibility with a
range of powder chemistries, particle sizes and
morphologies.
Few examples of the use of high-strength alloys pro-
cessed through Conform or CREmachines are in the pub-
lic domain but the few that are available are only recent
additions to the ﬁeld of research. COMTES FHT,
Czech Republic has successfully extruded grade 2 tita-
nium rod feedstock of nominal diameter 10 mm with a
Conform 315i machine in order to reﬁne the grain struc-
ture,15 with subsequent microstructural/mechanical prop-
erty characterisation16 and complementary ﬁnite-element
modelling17 for future process prediction. It was necessary
to preheat the rod to 500°C in order to reduce the ﬂow
stress of the titanium and prevent abutment and/or die
failure during process startup. The extruded product
had a ﬁne grain structure, but the overall process was lim-
ited in its cost saving potential owing to the form of feed-
stock used, its preheating requirement, multiple extrusion
passes and the low-reported extrusion speed of approxi-
mately 30 mm s−1. Similar research into the Conform of
titanium has also been conducted by Wilson18 at
CSIRO, Australia, who preheated titanium powders
from the TiROTM process to ∼1100°C in a hopper
shrouded in an argon atmosphere before initiating extru-
sion. The work was also the subject of an extensive
patent,19 which detailed their processing parameters
further. Mechanical properties of the extruded rod were
reported to be similar to conventional hot rolled material
and micrographs demonstrated considerable consolida-
tion. To the authors’ knowledge no further research has
been published into the process since this work so it is
not known if other alloys have been processed or different
process parameters have been investigated.
Conform has the potential to take ‘low-cost’ titanium
powders and impart minimal extra cost to the ﬁnal pro-
duct, resulting a true step change in the economics of
titanium and its alloys. The current research seeks to
demonstrate the feasibility of such a process by using
commercially available titanium alloy powders such as
those produced via the hydride–dehydride (HDH) pro-
cess. Adaptation of this research is planned to include
continuous consolidation of titanium swarf to help build
1 a Schematic of the Conform machine. b Extruded CP-Ti wire exiting from Conform machine and entering water trough for
quenching. c Particle size distribution of the CP-Ti HDH powder. d Light micrographs of the microstructure of the CP-Ti
HDH particles
Thomas et al. Continuous extrusion of a commercially pure titanium powder via the Conform process
2 Materials Science and Technology 2016
upon the work conducted by Luo et al.20 where fully
dense titanium billets were produced from ECAP as a
means of demonstrating energy efﬁcient techniques for
the recycling of metals.
This is the ﬁrst time cold titanium powder has been
consolidated into wire, continuously in a single process
step. This provides exciting opportunities for the manu-
facture of low-cost wire and springs from a range of tita-
nium particulate feedstocks. The authors are developing a
manufacturing route with an automotive supply chain,
which includes investigating the effects of powder proper-
ties, wheel speeds and powder ﬂow rates on the extrusion
temperature, tool wear rates, product microstructure and
mechanical properties within the continuous extrusion
process.
Extrusion trials
The powder used in this work was grade 2 commercially
pure titanium HDH powder from Reading Alloys Inc.,
(An Ametek Company), Robesonia, PA, USA. The pow-
der has avery angular morphology as shown in Fig. 1d, in
contrast to the spherical powders that are used in pro-
cesses such as additive layer manufacturing and metal
injection moulding, whose prime concern is powder ﬂow-
ability. This allows for a large degree of particle–particle
interlocking throughout the process and can provide a sig-
niﬁcant source of heat through frictional interactions in
regions where consolidation has just begun. The powder
was graded at 45–150 μm with a size distribution shown
in Fig. 1c, allowing for a large number of individual par-
ticles to span ﬂash gaps between tools within the machine
while still being able to ﬂow under gravity and minimise
ﬂow bridging.
A BWE 350i Conformmachine, Fig. 1bwas used for all
trials with tooling suited for extrusion of copper alloy rod
feedstock. No optimisations were made to any tooling
materials for this work. The main body of tooling situated
in the shoe was preheated using a built-in induction heater
to about 450WC and kept at temperature for 15 minutes to
ensure a homogenous temperature distribution through-
out each tool. There was no facility to preheat the wheel
or groove and it was left at room temperature during
the process startup. The powder was manually loaded
into a hopper without preheating or argon shrouding
and fed gravimetrically into the wheel groove from the
top of the machine. Powders were processed at different
wheel speeds to determine how the processing rate
affected the resultant product microstructure and the
heat generated within the material. The wheel speeds
were chosen to cover the safe range of operating speeds
of the machine. As the wire was extruded, it was guided
into a water tank for quenching before being cut to length
for transport. Three randomly selected samples of
extruded wire produced at each wheel speed were pre-
pared using a standard preparation schedule until a
ﬁnal mechanical–chemical polish with a silica–H2O2
suspension and observed under polarised light to dis-
tinguish between the α grains. Tensile samples 300 mm
in length were taken from the wire produced at 8 and
10 RPM and tested to failure in the as-extruded condition
at ambient temperature according to the ASTME8/E8M-
15a standard method.21 Tensile specimens were tested in
the as-extruded/quenched condition without a speciﬁcally
machined gauge length. An extensometer was used to
measure the elongation until the UTS was reached and
was removed before failure where the machine crossheads
measured the ﬁnal range of extension.
A 3D ﬁnite-element model (FEM) was created to
demonstrate the material ﬂow within the process at points
that covered all regions of consolidated material. The
material data used in the model was grade 2 titanium in
2 Top left: macrograph overlaid onto a representation of the 5 mm diameter wire cross-section. 1–5: cross polarised light
micrographs of the ﬁve regions of interest demonstrating the range of grain sizes within different areas of the extruded
wire. All micrographs are taken at the same magniﬁcation
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a forged condition and was taken from the DEFORM
v10.2 software.22 Although it is possible to model porous
metals using the FEM only low strain processes can be
approximated accurately owing to each node being linked
to its neighbours. In order to overcome this limitation the
workpiece was preformed to the tooling with a zeroed
strain proﬁle to limit the work hardening and premature
heating effect of upsetting rod into the die. A ﬂow net,
consisting of an array of deformable cubic elements, was
overlaid onto the workpiece as it was extruded through
the die.
Results and discussion
A 5-mm diameter wire was extruded in a continuous
length from the Conform machine. The ﬁrst 1.5 m of
extruded material suffered from sticking at slipping in
the extrusion die as the process reached a steady state.
Material extruded after this startup phase emerged at a
steadier speed, which was observed as a smooth surface
ﬁnish on the wire. Although the exit temperature of the
wire at the back of the die was not measured, it glowed
white hot once extruded and formed a coloured surface
oxide upon cooling. Measured wheel temperatures
peaked at 320°C, while the abutment tool temperature
reached a maximum of 750°C. Microscopy of the
extruded wire samples under polarised light show that
the grain structure is fully equiaxed but not homogenous
across its cross-section. This indicates that the wire was
annealed in the short time between emergence from the
die and entering the quench tank.
Figure 2 shows the as-extruded macro- and microstruc-
tures within the wire cross-section produced at a wheel
speed of 10 RPM. Micrographs 1–5 were taken at a
range of locations in the X- andY-axis of the cross-section
of the extruded wire with Z being the extrusion axis.
While the average grain size at all wheel speeds is rela-
tively small at 5.5 mm the distribution of grain sizes across
the samples is deﬁned by the macro ﬂow within the wire.
Around the outside of the wire is a visible ‘onion-skin’ of
larger 20–50 mm grains that form within in a depth of
200–500 mm from the surface of the wire. The central ver-
tical ﬂow contains the smallest grains of 1–4mm, while
either side (region 2) the larger grains of 10–20mm are
found. No prior grain boundaries or porosity was
observed and grain sizes were signiﬁcantly smaller than
that in the feedstock powder indicating that the particle’s
microstructure had been completely reworked during
extrusion. There is a general trend in each of the ﬁve
regions investigated for smaller grain sizes with increasing
wheel speed. However, this is not true for all locations as
both regions 3 and 4 have slightly smaller grain sizes in
samples extruded at 8 RPM than 10 RPM. This may
suggest that there is a minimum grain size that is attain-
able with the current feedstock and extrusion speeds
that have been investigated. Such a limit might be
extended by processing at higher wheel speeds of 12–16
RPM but with a corresponding reduction in tool life. Ten-
sile test results, shown in Table 1, show that the extruded
Table 1 Tensile test results of the as-extruded 5-mm
diameter CP-Ti wire
Wheel
speed E (GPa)
sy0.2
(MPa)
UTS
(MPa) RA (%)
Elong.
%
8 109 ± 14 492 ± 13 608 ± 7 37 ± 14 12 ± 4
10 124 ± 15 557 ± 28 627 ± 12 22 ± 12 6 ± 2
3 DEFORM ﬂow net evolution during Conform extrusion of commercially pure titanium
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wires at both 8 and 10 RPM have excellent room tempera-
ture tensile strengths similar to that observed in wrought
grade 4 titanium but with a large spread of measured
properties.
The exact morphology of the macro ﬂow in the wire
cross-section varied between samples indicating that the
processwas not fully stable. However, the ‘onion-skin’, cen-
tral zone of reﬁned grains and symmetric bulk regions of
larger grains were observable in all samples. Certain
samples also showed the central reﬁned grains arcing
back inside the ‘onion-skin’ layer in a similar but less intense
ﬂow to that presented by Etherington10 and Stadelmann.23
Figure 3 shows a composite visualisation of the ﬂow net
deformation over time in the central plane of the simu-
lation as well as two sections (1) just in front of the die
and (2) in the die bearing. The deformed ﬂow net illus-
trates the material ﬂow through the die with the down-
ward arcs in the right-hand side of the ﬁgure mirroring
the central ﬂow and ‘onion-skin’ regions in the wire
macrostructure. Current FEMs are limited by the code’s
inability to model loose powder. An estimate was made
as to the transition of loose powder to consolidated
material from interrupted experimental trials. It was
deemed that the errors in the results from using wire
feeds for the FE models as opposed to loose powder is
minimal when looking at the abutment and die regions
and the simulation was allowed to reach a steady extru-
sion state.
Conclusions
Through this work, it has been shown that it is possible to
consolidate grade 2 commercially pure titanium HDH
powder through the Conform process and provides a
demonstration of the feasibility of using ‘low-cost’ tita-
nium powders with these machines. The extruded wire is
fully dense, in an annealed state, and has excellent tensile
strength similar to wrought commercially pure titanium
products. The wire also exhibits an unusual macrostruc-
ture typical of powder fed Conform processing. It is
thought that such a ﬂow structure is unique to the powder
ﬂow within the Conform machine as all literature and
examples of wire/rod fed continuous extrusion observed
by the authors do not present such a macrostructure.
The strength of such a ﬂow pattern may be related to
the stability of powder feed with a very smooth powder
feed creating a more homogenous microstructure. Results
from ﬁnite-element modelling of the Conform process
with grade 2 titanium demonstrate the material ﬂow
within the machine and suggests why the characteristic
macrostructure is formed. The microstructure of the
wire is inhomogeneous across its cross-section with
grain sizes depending on the wheel speed at which the
wire was extruded. Further work is required to investigate
the effects of different powder sizes, size fractions and par-
ticle morphologies on the resultant wire microstructure
and mechanical properties. The FEM will be expanded
to help relate the microstructure to the process history
of the extruded wire.
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